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ABSTRACT  
The Very High Temperature Gas Cooled Reactor 
(VHTR) has been selected as a high energy heat source of 
the order of 950℃ for nuclear hydrogen generation, which 
can produce hydrogen from water or natural gas. A primary 
hot gas duct (HGD) as a coaxial double-tube type cross 
vessel is a key component connecting the reactor pressure 
vessel and the intermediate heat exchanger in a VHTR. In 
this study, a structural sizing methodology for the primary 
HGD of a VHTR is suggested in order to modulate a 
flow-induced vibration (FIV). And as an example, a 
structural sizing of a horizontal HGD with a coaxial 
double-tube structure was carried out using the suggested 
method. These activities include a decision of the geometric 
dimensions, a selection of the material, and a evaluation of 
the strength of the coaxial double-tube type cross vessel 
components. Also in order to compare the FIV 
characteristics of the proposed design cases, a fluid-structure 
interaction (FSI) analysis on a quarter part of the HGD was 
carried out using the ADINA code. 
 
1   INTRODUCTION  
The Very High Temperature Gas Cooled Reactor 
(VHTR) has been selected as a high energy heat source for 
nuclear hydrogen generation, which can produce hydrogen 
from heat and water by using a thermo-chemical process or 
from heat, water, and natural gas by steam reformer 
technology or using a high temperature electrolysis of steam. 
The nuclear hydrogen system being researched at KAERI is 
planning to produce hydrogen in the order of 950℃ by using 
nuclear energy and a thermo-chemical process. Helium gas 
is tentatively considered as the choice for the coolant of the 
nuclear hydrogen system since it is an inert gas, with no 
affinity to a chemical or nuclear activity; therefore the 
transport of radioactivity in the primary circuit of the nuclear 
hydrogen system is minimal under a normal operation. 
Moreover, its gaseous nature avoids the problems related to 
a phase change and water-metal reactions and therefore 
improves its safety. 
A hot gas duct (HGD) is a key component connecting the 
reactor pressure vessel and the intermediate heat exchanger 
(IHX) in a VHTR as shown in Fig. 1. The HGD is a unique 
component exclusively found in an HTR-module concept [1] 
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where a nuclear core and IHX are placed separately into two 
pressure vessels, which require a connecting duct between 
them. A coaxial double-tube type cross vessel was 
considered for the HGD structure of the nuclear hydrogen 
system being researched at KAERI because of its successive 
extensive experience. It was reported that tubes are excited 
by a parallel flow to some extent and the maximum 
amplitude due to the excitation is closely related to the flow 
velocity and the fluid density [2-7]. Therefore, in this study 
in order to modulate a flow-induced vibration (FIV) for the 
primary HGD of a VHTR, a structural sizing methodology 
for the coaxial double-tube type cross vessel was suggested 
by imposing flow velocity constraints on a previous heat 
balance model. The HGD structure designed by the 
suggested methodology might be insensitive to a flow 
induced vibration in the case where there are no pressure 
differences between the hot and cold helium regions. And as 
an example, a structural sizing of the horizontal HGD with a 
coaxial double-tube structure was carried out using the 
suggested method. And in order to compare the FIV 
characteristics of the proposed design cases, a fluid-structure 
interaction (FSI) analysis on a quarter part of the HGD was 
modeled by considering its symmetry was carried out using 
the ADINA code. 
 
 




2   NUCLEAR HYDROGEN SYSTEM 
Figure 2 shows an above of the nuclear hydrogen system. 
Two HGDs and an IHX are needed in the nuclear hydrogen 
system as shown in Fig.2. One of the HGDs, which is called 
a primary HGD, is located between the reactor pressure 
vessel and the IHX. The other HGD, which is called a 
secondary HGD, is located between the IHX and the SO3 
decomposer. The primary HGD structure of the nuclear 
hydrogen system is considered as a horizontal coaxial 
double-tube structure as shown in Fig. 3 which provides a 
passage for the hot and cold helium gas, while the secondary 













Table 1 [8] and Fig. 4 illustrate the tentative design 
configuration of the nuclear hydrogen system in this study. 
Based on the tentative design configuration and a preceding 
research [9], a preliminary design evaluation for the primary 
HGD with a coaxial double-tube type cross vessel of the 
nuclear hydrogen system is carried out. By passing through 
the nuclear hydrogen system reactor core, the hot helium gas 
is conveyed via the liner tube of the horizontal HGD to the 
IHX, and after being cooled down, the cold helium gas is 
returned to the lower section of the reactor pressure vessel 
via a passage between the coaxial inner tube and the 
pressure vessel of the primary HGD as shown in Fig. 4. 
 
 
Table 1 Tentative design configuration 
 
 Design Options 
Power [MWth] 200 
Primary pressure boundary [MPa] ∼ 7.0/4.0 
Inlet/Outlet temperature of  primary loop [℃]  ∼ 490/950 
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3   FIV EXCITED BY PARALLEL FLOW 
It is assumed that parallel flows do not ordinarily cause a 
failure of the primary HGD with a coaxial double-tube type 
structure because the HGD is generally too stiff to 
experience a parallel flow-induced instability. Nevertheless, 
a turbulent parallel flow will excite vibrations and induce 
wear at the supporting parts. Many researchers have reported 
on semi-empirical correlations for the characteristic 
maximum amplitude Y of a vibration as an expression in the 
form [7]  
 
 
a b c e g h jY K V d D m fr z=                 (1) 
where a through j are dimensionless exponents whose 
values are given in Table 2. 
 
 
Table 2 Comparisons of exponents in Eq. (1)* 
Exponent of Correlation  
ρ   V      d      D     m      f      ζ 
Chen   1     2      0      1      0      -2        0
Paidoussis 0.8  2.6    0.8   2.2   -0.66  -1.6      0 
Reavis   1      1.5   0.4    1.5   -1     -1.5     -0.5
Wambsganss    0    2     1.5    1.5   -1     -1.5    -0.5
* d : Hydraulic diameter 
 D : Cylinder diameter 
 f : Natural frequency, Hz 
 m : Mass per unit length including added mass 
 V : Velocity of parallel flow 
 ρ : Fluid density 
 ζ : Damping, including fluid damping 
 
 
From Eq. (1) and Table 2, the velocity of a flow and the 
fluid density are considered as effective fluid parameters for 
a FIV excited by a parallel flow, while the others are related 
to the structure. 
 
4   PRIMARY HOT GAS DUCT AND ITS FUNCTION 
The primary HGD has the following functions: 1) 
transporting the hot helium gas from the core to the IHX; 2) 
transporting the cold helium gas from the IHX to the core; 3) 
providing thermal compensations and avoiding large thermal 
stresses during various operating conditions. The primary 
HGD has to operate at high temperature and medium 
pressure conditions for several decades. Its performance for 
a thermal insulation between the hot and cold helium flow, 
its ability to resist temperature cycles and pressure cycles 
and to sustain a total structural integrity at high temperature 
and medium pressure conditions will play important roles 
for the long-term safe operation of a nuclear hydrogen 
system. By passing it through the nuclear core in the nuclear 
hydrogen system, hot helium gas in the order of 950℃ is 
conveyed via the liner tube of the horizontal HGD to the 
IHX as shown in Fig. 4. After being cooled down, the cold 
helium gas in the order of 490℃ is returned to the lower 
section of the reactor pressure vessel via a passage between 
the coaxial inner tube and the hot gas pressure tube 
(annulus) as shown in Figs. 3 and 4. The structural array of 
the primary HGD is composed of a liner tube, an inner tube, 
a hot gas duct pressure tube, and thermal insulation 
including taper tubes as shown in Fig. 3. The primary HGD 
is classified as a Safety Class 3 and Seismic Class 1 
component [9]. To perform a structural sizing of the primary 
HGD, first of all the inner diameter of the liner tube and the 
flow velocity of the helium need to be known, and with that 
other geometric dimensions have to be determined from the 
point of view of the strength. 
The helium gas pressure in the primary HGD loop is 
tentatively assumed to be 7.0 MPa as in Table 1 and for the 
thermal-insulating fiber, the maximum packing pressure is 
tentatively assumed to be 0.03MPa. The inner tube acts as a 
support structure for the inner and taper tubes, while two 
sets of bellows are used in its design to compensate for a 
thermal expansion of which the evaluation results are in Ref. 
[9] in detail. The preliminary geometric dimensions for the 
primary HGD of the nuclear hydrogen system have been 
selected by considering the thermal power of the nuclear 




pQ m C T= Δ                                (2) 
m AVρ=                                     (3) 
 
where 
Q  : thermal power of the nuclear hydrogen system (=200 
MWt) 
m  : mass flow rate 
Cp  : specific heat 
*TΔ : inlet/outlet temperature difference of the nuclear 
hydrogen system 
ρ  : density 
A : flow area 
V : flow velocity 
 
 
The flow velocity (V) of the hot helium in the liner tube is 
assumed to be about 65.4 m/s by considering the design data 
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of a 600 MWt gas turbine modular reactor. Then the inner 
diameter of the liner tube can be determined from Eqs. (2) 
and (3). Then the thicknesses of the liner tube and inner tube 
can be preliminarily determined from the method in Ref. [3] 
by considering a strength evaluation even if the normal 
operating conditions of the HTR-10 are different from the 




5   CONVENTIONAL STRUCTURAL SIZING 
METHOD 
Based on this determined information, the inner diameter 
of the primary HGD pressure vessel can be obtained by the 
following heat balance model as shown in Fig. 5, which Di 
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where 
Q : heat flux per unit length 
hHe-Hot : heat transfer coefficient at the inside surface of the 
liner 
hHe-Cold : heat transfer coefficient at the outside surface of the 
inner tube 
hAir : heat transfer coefficient at the inside surface of the 
insulation-2 
kLiner tube : thermal conductivity of liner 
kInsulation-1 : effective thermal conductivity of the insulation-1 
kInner tube : thermal conductivity of the inner tube 
kHGD press. tube : thermal conductivity of the HGD pressure tube 
kInsulation-2 : effective thermal conductivity of the insulation-2 
 
 
The heat transfer coefficient at the outside surface of the 
inner tube is obtained from the Modified Dittus-Boelter 
model as follows. 
 
 
0 .8 0 .40 .0 2 1 R e P rN u =                   (5) 
 
where Nu, Re, and Pr are the Nusselt number, the 














=                                 (8) 
where 
h : heat transfer coefficient 
DH : hydraulic diameter 
k : thermal conductivity 
μ : dynamic viscosity 
 
Rearranging Eqs. (3)∼(8) by setting T4-T5 as △T and DH 
as D5-D4, following relation is deduced. 
 
45 4 5 5
4 4 0
4(2 ) ( )H H
mD D D D C T
π ρ
−+ = Δ          (9) 
 where C0 and C1 are constants expressed as follows. 
 











6   NEW STRUCTURAL SIZING METHOD TO 
MODULATE FLOW-INDUCED VIBRATION 
New concepts for the sake of being insensitive to a 
flow-induce vibration are suggested by combining a heat 
balance model and the following two models. 
 
 
6.1   Combination of a constant flow rate (CFR) 
model and a heat balance (HB) model 
For the constant flow rate (CFR) model the flow rate in 
the liner tube is assumed to be the same as that in the 
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annulus between the inner tube and the primary HGD 
pressure vessel as follows. 
 
 
( ) ( )out inV Vρ ρ=                           (10) 
 




4 4 1( )HD D D D= − + +                   (11) 
 
In the case of combining a heat balance model and a 
constant flow rate model, structural sizing of the HGD 
can be carried out using Eqs. (9) and (11). 
 
 
6.2   Combination of a constant hydraulic head 
(CHH) model and a heat balance (HB) model 
For a constant hydraulic head (CHH) model the dynamic 
pressure in the liner tube is assumed to be the same as that in 
the annulus between the inner tube and the primary HGD 
pressure vessel as follows. 
 
 
  2 2( ) ( )out inV Vρ ρ=                        (12) 
 
Using Eq. (3) and (12), following relation is deduced. 
 
2 0.5 2 0.5
4 4 1{ ( ) }hotH
cold
D D D Dρ
ρ
= − + +           (13) 
 
In the case of combining a heat balance model and a 
constant hydraulic head model, structural sizing of the 




7   APPLICATION OF SUGGESTED METHOD TO 
THE PRIMARY HGD OF 200 MWt VHTR 
Structural sizing for the primary HGD of a 200 MWt 
VHTR has been carried out by the suggested method in Sec. 
6 and a heat balance model. Table 3 shows the input values 
of Eqs. (2) and (3). Table 4 and Table 5 show the thermal 
conductivities of the HGD components [13-15] and the 
properties of the helium gas [16], respectively.  The results 
of the structural sizing from a heat balance model are listed 
in Table 6. Table 6 shows the geometric dimensions and the 
temperatures of each design variable in Fig. 5. The results of 
the structural sizing from the suggested methods and a heat 
balance model are listed in Table 7. From Table 6, it is found 
that there are some differences in the geometric dimensions 
of the HGD pressure tube from the suggested method and 
the heat balance model. Using the geometric dimensions in 
Table 7 and the HTR-10 design concept [9], a strength 
evaluation was carried out and its results are listed in Table 8. 
According to Table 8, it seems that there is enough of a 
strength margin even if we used the HTR-10 design concept. 
 
Table 3 Input values of Eqs. (2)-(5) 
Variables Unit  
Q* MW 200 
△T* K 490 
 kg/s 83.767 
 
 
Table 4 Thermal conductivities of the HGD components  
Thermal conductivity W/mK Material 
k Liner tube 27.9 Alloy 617 
k Insulation-1 0.47 Al2O3 
k Inner tube 19.5 Alloy 800H 
k HGD pree tube 26.3 Mod.9Cr-1Mo 
 
 
Table 5 Isobaric properties of the helium gas at 7 MPa 
 Unit 950℃ 490℃ 
Density kg/m3 5190.4 5188.8 
Specific heat J/kg K 2.7378 4.3679 
Dynamic viscosity μPa s 53.3 38.236 
Thermal conductivity W/m K 0.41849 0.30211
 
 
Table 6 Design values from a heat balance model 
i Ti (℃) Di (mm) Thickness (mm) Remark 
1 950 772   
2 947 786 7 Liner tube 
3 497 1026 120 Thermal insulation-1 
4 493 1046 10 Inner tube 
5 488 1316 135 Annulus 
6 473 1456 70 HGD pressure tube 
7 50 1686 120 Thermal insulation-2 
  
 
Table 7 Geometric dimensions and velocities of the HGD 
Case 1 Case 2 Case 3Case

























































 * ID: Inner Diameter 
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Table 8 Strength evaluation results (MPa)  
Case 1 Case 2 Case 3Case 




























8   FLUID-STRUCTURAL INTERACTION (FSI) 
ANALYSIS  
In order to compare the FIV characteristics of the 
proposed design cases in Table 7, a fluid-structure 
interaction (FSI) analysis was carried out using the ADINA 
code. For the FSI analysis, a quarter part of the HGD was 
modeled by considering its symmetry. Fig. 6 shows the 3-D 
FE model for the FSI analysis of the HGD and its 2-D cross- 
sections for three Cases, where all the degrees of freedom 
are constrained at each end and the liner tube (Mat-1) and 
the inner tube (Mat-2) are connected with a supporting rod at 
five locations. Fig. 7 shows the comparisons of the 
displacement-time history at 0.2 m from the outlet of the hot 
helium for the three cases where the maximum displacement 
occurred and the maximum displacements for each material 
are listed in Table 9. According to Table 9, the maximum 
displacements of Mat-1 and Mat-3 for each Case are nearly 
the same values, while the maximum displacements of 
Mat-2 are significantly different for each Case. The reason 
that the maximum displacements of Mat-2 are significantly 
different for each Case, seems to be that the maximum 
displacements are mainly affected by the flow velocity 




a) 2-D cross-sections for three Cases 
 
 
b) 3-D FE model 
Fig. 6 FE model for the FSI analysis of the HGD 
 
Table 9 Maximum displacements for each Case (x 1E-4 m) 
 Case 1 Case 2 Case 3 
Mat-1 
 (Liner tube) 8.06 8.07 8.06 
Mat-2 
 (Inner tube) 5.55 5.63 1.48 
Mat-3 




Fig. 7 Displacement-time history at 0.2 m from the outlet of 
the hot helium 
 
 
Fig. 8 Displacement-frequency history at 0.2 m from the 
outlet of the hot helium 
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Fig. 9 Overlapped displacement-frequency history at 0.2 m 
from the outlet of the hot helium 
 
 
Fig. 8 shows the comparisons of the displacement- 
frequency history at 0.2 m from the outlet of the hot helium 
for the three cases where the maximum displacement 
occurred by FFT (Fast Fourier Transform) analysis and Fig. 
9 is an overlapped displacement- frequency history for the 
three cases. According to Fig. 9, large displacements are 
occurred around three frequency ranges indicated in red 
squared lines, which denote the critical frequency ranges for 




9   CONCLUSIONS 
A VHTR of 200 MWt that produces heat at temperatures 
in the order of 950  ℃ is being considered for the nuclear 
hydrogen system at KAERI. Various structural sizing 
methods of the primary HGD with a coaxial double-tube 
type structure for the nuclear hydrogen system have been 
suggested by combining various engineering concepts and a 
heat balanced model in order to modulate a flow-induced 
vibration. 
When compared the geometric data and strength 
evaluation results for the proposed methods, the geometric 
dimensions of the primary HGD would be acceptable for the 
design requirements even if there are some differences in the 
geometric dimensions of the HGD pressure tube. 
When compared the FIV characteristics of the proposed 
design cases by an FSI interaction analysis using the ADINA 
code, it was found that maximum displacements of the HGD 
structure are mainly affected by the flow velocity rather than 




This work was supported by Nuclear Research & 
Development Program of the Korea Science and 
Engineering Foundation (KOSEF) grant funded by the 





(1) G.H. Lohnert: Engineering and Design Vol. 121(1990), p. 259. 
(2) Y. N. Chen, 1970, “Flow-induced Vibration in Tube Bundle 
Heat Exchangers with Cross and Parallel Flow, Part I: 
Parallel Flow,” in Flow-induced Vibration in Heat 
Exchangers, ASME, New York, pp. 57-66. 
(3) M. P. Paidoussis, 1981, “Fluidelastic Vibration of  Cylinder 
Arrays in Axial and Cross Flow: State of the Art,” Journal 
of Sound and Vibration, Vol. 76, pp. 329-360. 
(4) J. R. Reavis, 1969, “Vibration Correlation for Maximum Fuel 
Element Displacement in Parallel Turbulant Flow,” 
Nuclear Science and Engineering, Vol. 25, pp. 626-628. 
(5) M. W. Wambsganss and S. S. Chen, 1971, “Tentative Design 
Guide for Calculating the Vibration Response of Flexible 
Cylindrical Elements in Axial Flow,” Argonne National 
laboratoty Report ANL-ETD-71-07. 
(6) H. S. Kang et al., 2003, “Axial-flow-induced Vibration for a 
Rod Supported by translation Springs at Both Ends,” 
Nuclear Engineering and Design, Vol. 220, pp. 83-90.  
(7) R. D. Blevins, 1990, “Flow-Induced Vibration,” 2nd ed., Van 
Nostrand Reinhold, New York, pp. 268-271. 
(8) J.H. Chang Y.W. Kim, K.Y. Lee, Y.W. Lee, W.J. Lee, J.M. 
Noh, M.H. Kim, H.S. Lim, Y.J Shin, K.K. Bae, and K.D. 
Jung, 2007, “A Study of a Nuclear Hydrogen Production 
Demonstration Plant,” Nuclear Engineering and 
Technology, 39, pp. 111~112. 
(9) Z.Y. Huang, Z.M. Zhang, M.S. Yao and S.Y. He, “Design and 
experiment of hot gas duct for the HTR-10,” Nuclear 
Engineering and Design, Vol. 218 (2002), p. 137. 
(10) T. Nakase, S. Midoriyama, K. Roko, and A. Yoshizaki, 1984, 
Two Layers Thermal Insulations Tests for Designing of 
Hot Gas Ducts, Specialist's Meeting on Heat Exchanging 
Components of Gas-cooled Reactors, Duesseldorf, 
Germany, April 16-19. 
(11) J.P. Holman, 1963, Heat Transfer, 3rd ed. McGraw-Hill. 
(12) McEligot D. M., Ormand L. W., and Perkins H. C., 1966, 
“Internal Low Reynolds Number Turbulent and 
Transitional Gas Flow with Heat Transfer”, Journal of Heat 
Transfer, Vol. 88, pp. 239–245. 
(13) W.G. Kim, 2006, “Thermal-properties of Alloy 617K,” 
NHDD-KA- 06-MA-BT-002(in Korean). 
(14) S. H. Kim, 2006, “Thermal-properties of SA508-Gr.3 and 
Modified 9Cr-1Mo,” . NHDD-KA-06-MA- BT-003(in 
Korean). 
(15) D.W. Kim, 2006, “Thermal-properties of Alloy 800,”  
NHDD-KA-06-MA-BT-001(in Korean). 
(16)  NIST, Thermo-physical Properties of Fluid System, 
http://webbook.nist.gov/chemistry/fluid/. 
7
Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use
